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Abstract
Ion flux studies were performed on Langendorff-perfused rat hearts using 87Rb, 7Li and 23Na NMR at 36, 20 and 10‡C,
and at constant extracellular pH (7.40). Using 31P NMR, the intracellular pH was estimated and the high energy phosphate
content monitored. Compared to 36‡C (k = 0.044 þ 0.015 min31), our measurements showed incomplete Rb efflux with a
dramatically (5-fold) increased rate constant, k, at 20‡C, k = 0.238 þ 0.080 min31. 5 WM glibenclamide, a KATP-channel
inhibitor, completely depressed the hypothermia-activated Rb efflux at this temperature (k = 0.052 þ 0.018 min31). 7Li
NMR efflux studies on KCl-arrested hearts at 20‡C also showed an increase (3-fold) in efflux rate constant: k = 0.090 þ 0.003
min31 relative to its value at 36‡C. At 10‡C, both Rb and Li showed efflux rate constants similar to those observed at
36‡C, k = 0.071 þ 0.016 min31 and k = 0.050 þ 0.005 min31, respectively, and the washout was complete. 31P NMR at 36, 20
and 10‡C indicated cytosolic alkalinization at pH values of 7.05, 7.21 and 7.40, respectively. The ion transport data could be
interpreted in terms of a myocyte model allowing for temperature-dependent changes in transport coefficients. The
incomplete efflux of Rb at 20‡C may indicate the existence of a mitochondrial Rb-pool with a very low Rb permeability
for efflux. These findings correlate with previously observed membrane phase transitions in these systems. ß 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Hypothermia has been extensively used to slow
metabolism to allow for organ transportation and
storage prior to transplantation [1]. Decreasing the
temperature of the heart in combination with a high
extracellular K concentration is often used to arrest
the heart. This cardioplegic arrest and hypothermia
provide necessary cardioprotective e¡ects during
open-heart surgery [2]. Although the energy conserv-
ing aspect of hypothermia has long been recognized,
detrimental e¡ects such as a disturbance of the Na
and K ion gradient across the myocyte membrane
do occur [3]. Results of clinical and experimental
studies assessing hypothermia for myocardial preser-
vation suggest several di⁄culties with cooling. It has
been shown that cooling to temperatures below 10‡C
results in deleterious e¡ects on heart function due to
cold inhibition of the Na,K-ATPase [4]. Even
though the energy supply is maintained at these
low temperatures, as indicated by a high [ATP]/
[ADP], intracellular Na accumulates while K de-
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creases. This decrease in ion gradients is due to the
higher Q10 (temperature coe⁄cient) for the Na,K-
ATPase than for the passive Na and K £uxes.
To improve the heart preservation methods [5] a
good knowledge of myocardial ion concentrations,
ion gradients and permeabilities is essential. Detailed
studies of ion transport and its temperature depend-
ence are not available for any whole-heart model.
Nonetheless, researchers have studied the e¡ects of
temperature on the electrical and mechanical re-
sponse of myocytes in various organisms [6^9]. Hy-
pothermia was shown to decrease Na,K-ATPase
activity [9], a¡ect ion currents [3,6], increase action
potential duration [7], increase the membrane resting
potential at 10‡C [10], increase muscle contraction
[11] and result in a change in K-channel gating
kinetics [12]. Unfortunately these studies were per-
formed on a variety of models such as dog [10] and
sheep [9] Purkinje ¢bers, rabbit and rat papillary
muscle [11], rat [6] and rabbit [3] ventricular muscle
and isolated pig [6] and neonatal rat [12] myocytes.
In addition, these studies were performed using dif-
ferent perfusion bu¡ers. Tris bu¡ers [6,11], HEPES
bu¡ers [7,10,12] and CO2/HCO33 bu¡ers [3] have
been used to maintain homeostasis at di¡erent tem-
peratures. As these bu¡ers have a di¡erent temper-
ature dependence for pH, the extracellular pH was
not constant which makes comparison between these
experiments di⁄cult.
Most often enzyme activity, being a thermally ac-
tivated process, displays an Arrhenius-type temper-
ature dependence. However, for homeotherms hypo-
thermia often results in a discontinuous behavior in
enzyme activity [13,14]. This work presents data
from studies of hypothermia on whole, Langen-
dor¡-perfused, rat hearts. The e¡ects of hypothermia
on monovalent cation £uxes and permeabilities was
studied while maintaining a constant extracellular
pH. To determine the e¡ects of temperature on K
and Na £uxes in rat cardiomyocytes we used mag-
netic resonance (NMR) methods that employ Rb
and Li as tracers for K and Na, respectively,
and 87Rb [15] and 7Li [16] NMR spectroscopy as a
detection method. Ion £ux rate measurements were
made at three temperatures: 36, 20 and 10‡C. At
these temperatures we also measured the steady-state
intracellular [H] using 31P NMR methods. Informa-
tion on intracellular high energy phosphates was ob-
tained simultaneously. Our experiments show that
Rb e¥ux in rat myocytes at 20‡C is faster than at
36‡C due to an increase in sarcolemmal permeability.
At 20‡C we also observed an incomplete washout of
Rb while at both 36 and 10‡C the washout was
complete. In this temperature range, the changes in
Rb permeability occurred in parallel with changes
in the membrane permeability of Li as shown by
results of 7Li NMR studies.
2. Materials and methods
Experiments performed in this study were carried
out in accordance with the Guide to the Care and
Use of Experimental Animals, published by the
Canadian Council on Animal Care (2nd edn., Otta-
wa, ON, 1993).
2.1. Solutions
87Rb, 7Li and 31P NMR experiments were per-
formed on hearts perfused with a phosphate-free
Krebs-Henseleit (KH) bu¡er containing (in mM):
NaCl 118, NaHCO3 25, KCl 4.7, CaCl2 1.75, MgSO4
1.2, EDTAW2Na (Sigma, St. Louis, MO) 0.5, and
glucose 11. The free [Ca2], measured using a Ca2
electrode, was 1 mM. The perfusate was equilibrated
with a mixture of O2 and CO2 gas, the £ow ratio of
which was manually adjusted to maintain a bu¡er
pH of 7.4 at all temperatures. Perfusate pH was con-
tinuously monitored throughout the experiments us-
ing a pH meter. For 87Rb NMR loading studies the
perfusate contained (in mM): KCl 3.76 and RbCl
2.14 (KH-Rb) (Sigma, St. Louis, MO) instead of
KCl 4.7, resulting in a 36% substitution of K with
Rb. 7Li loading studies were performed with KH
perfusate to which 15 mmol l31 LiCl (Sigma, St.
Louis, MO) was added (KH-Li), resulting in a
slightly (V10% of total osmolarity) hypertonic me-
dium. However, Li washout in beating hearts was
performed under isotonic conditions. Some 7Li
NMR e¥ux studies were performed on arrested
hearts. The hearts were arrested using KH perfusate
to which an additional 16 mmol l31 KCl was added,
resulting in a total osmolarity of V120% compared
to control. Washout was performed with a slightly
hypertonic (V110%) solution. Note that the moder-
BBAMEM 77486 1-12-98
M.L.H. Gruwel et al. / Biochimica et Biophysica Acta 1415 (1998) 41^5542
ate increase in osmolarity achieved by the addition of
15 mM choline-Cl did not a¡ect the e¥ux rate con-
stants. 23Na NMR studies were performed with KH
bu¡er to which 3 mM Na3H2TmDOTPW3NaCl
(Magnetic Resonance Solutions, Dallas, TX) was
added. Na and Ca2 concentrations in this bu¡er
were adjusted to their normal levels of 143 and
1 mM, respectively. All reagents were purchased
from BDH Inc. (Toronto, ON, Canada) unless men-
tioned otherwise. Glibenclamide and bumetanide
(Sigma, St. Louis, MO) were added to the perfusion
bu¡er as aqueous solutions through a separate infu-
sion line. The concentration in the stock solutions
was 0.6 mM while the ¢nal concentration in the per-
fusate was 5 and 10 WM for glibenclamide and bu-
metanide, respectively.
2.2. Heart perfusion
Male Sprague-Dawley rats were used in this study.
The average body weight of the rats was 357 þ 39 g
(n = 40) and the average wet weight of the hearts was
1.45 þ 0.17 g. The rats were anesthetized using pen-
tobarbital (120 mg (kg body weight)31 i.p.). After
anesthesia, the heart was quickly removed and retro-
gradely perfused via the aorta at a constant £ow of
10^12 ml min31 (g wet weight)31. During perfusion
at 36, 20 and 10‡C the £ow was adjusted in order to
maintain perfusion pressure between 80 and 100 mm
Hg. Following placement of a left ventricular apical
drain, a balloon was inserted through the mitral
valve into the left ventricle and ¢lled with water.
The balloon was connected to a Statham P23Db
pressure transducer and a Digi-Med Model-210 heart
performance analyzer (Micro-Med, Louisville, KY),
which allowed monitoring of the heart rate (HR), left
ventricular and perfusion pressure. The end diastolic
pressure (EDP) was set to approximately 5^10 mm
Hg. The pressure-rate product (PRP), the product of
HR and developed pressure (= systolic minus dia-
stolic pressure, LVDP), was used as a measure of
mechanical work. Using an ultrasonic £ow meter
(Transonic Systems Inc., Ithaca, NY) in the aortic
in-£ow line, the coronary £ow could be monitored.
Perfusion pressure (PP) was measured continuously
through the catheter connecting the aortic line and
the pressure transducer. Simultaneously with the
NMR experiments, HR, PP, EDP and the rate of
change in pressure ((dP)/(dt)) were acquired and
stored digitally.
2.3. NMR spectroscopy
All NMR experiments were performed on a
Bruker 360 AM spectrometer. 87Rb spectra were ac-
quired at 117.8 MHz on a 20 mm BB dedicated
probe from Morris Instruments (Gloucester, Ont.,
Canada). 31P, 7Li and 23Na spectra were obtained
using a Bruker 20 mm 13C/31P probe tuned to respec-
tively 145.8 MHz, 139.9 MHz or 95.25 MHz. The
signal of 23Na present in the heart and perfusate
was used to shim the ¢eld on both probes. Using a
spectral width of 18 kHz, a recycle time of 10 ms and
a pulse length of 55 Ws (90‡ pulse length), 87Rb NMR
spectra were acquired in 2 min blocks containing 512
data points [15]. As a standard, a capillary contain-
ing 10 Wl of a 1 mol l31 RbCl+5 mol l31 KI solution
was included in the setup. To minimize the signal
from extracellular 87Rb during signal acquisition,
the hearts were perfused in the ‘dry mode’. In this
approach, the superfusion line placed at the bottom
of the NMR tube was used as a suction line in order
to remove £uid surrounding the heart from the
NMR tube. As a result, the contribution from the
extracellular component was reduced to approxi-
mately 16% of the total equilibrium Rb signal after
loading at 36‡C. During the experiments the temper-
ature of the heart was continuously monitored by
means of a copper/constantan thermocouple (Omega
Engineering Inc., Stamford, CT), placed in the right
ventricle. At the bore of the magnet the thermo-
couple was connected to a low pass ¢lter minimizing
the noise picked up by the wires outside of the mag-
net.
31P spectra were obtained using a spectral width of
10 kHz, a 24 Ws pulse length (60‡ £ip angle) and 4096
data points per scan were collected. The data acqui-
sition with a recycle time of 2.0 s per scan took
12 min. For 7Li NMR spectroscopy, 2048 points
were collected every 2 min with a 2.2 s repetition
time, a 40 Ws pulse length (60‡ £ip angle) and a
spectral width of 5 kHz [16]. A capillary containing
14 Wl of 0.5 M LiCl+50 mM (Tris)3DyTTHAW3Tris-
HCl (DyTTHA from Sigma, St. Louis, MO) was
used as a reference signal. 23Na spectra were ac-
quired in the presence of a shift reagent, Thuli-
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um(III)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
kis-methylene phosphonate (TmDOTP), using a
spectral width of 5 kHz, a recycle time of 200 ms
and a pulse length of 36 Ws (90‡ pulse length). In
total 1024 scans were collected and stored in 2k-sized
data blocks. A capillary ¢lled with 0.1 M
Na3Dy(TTHA)W3NaCl, corresponding to 9 Wmol
Na, was used as a reference. Sodium spectra were
processed using a Gaussian multiplication (GB = 0.20
and LB =330 Hz).
Both probes could be connected to a Bruker var-
iable temperature control unit supplied with dried
air. For temperatures above room temperature, the
temperature in the probe was regulated with dried air
and heater built into the probe. To reach tempera-
tures below room temperature, the air £ow to the
probe was pre-cooled using a chiller. The perfusion
solutions were thermostatically regulated using two
Lauda RM6/super (Brinkmann Instruments Inc.,
New York, NY) circulating baths. After equilibra-
tion the temperature in the heart remained stable
within þ 0.2‡C.
2.4. Experimental protocols
After stabilization of mechanical function (V10
min) the hearts were subjected to the following pro-
tocols. 87Rb, 7Li and 31P NMR measurements were
performed on separate hearts as each heart was sub-
jected to one protocol only. For the measurement of
Rb accumulation and washout, four protocols were
used as shown in Fig. 1. Rb NMR protocols A and
B both start with 60 min Rb accumulation at 36‡C.
After Rb loading the temperature was changed to
20‡C in A, and 10‡ in B. During temperature equili-
bration, 30 min in protocol A and 60 min in B, the
hearts were perfused with KH-Rb. Following this
equilibration period 87Rb NMR spectra were ob-
tained in protocols A and B for 10 min and 20 min
periods, respectively. Subsequently the perfusate was
switched to (Rb-free) KH bu¡er, and Rb e¥ux
monitored during the next 40 min in both protocols.
In a few experiments the washout was followed by an
increase in temperature to 36‡C, to observe the re-
covery of functional parameters. A second set of
protocols, using the same schematics as shown in
Fig. 1C,D, started with the hearts pre-equilibrated
to 20‡C. These protocols facilitate the measurement
of Rb in£ux at 20‡C and e¥ux at 20 and 10‡C. The
perfusion time with KH-Rb at 20‡C was extended to
90 min to allow equilibration of the hearts with Rb
at this temperature.
7Li NMR measurements were performed accord-
ing to protocols A and B in Fig. 2. Measurements
were started after stabilization of the mechanical
function of the hearts by switching to KH-Li perfu-
Fig. 1. Schematic representation of the experimental protocols
describing the 87Rb NMR measurements. This schematic repre-
sentation indicates perfusion temperature and type of perfusate
during an experiment as marked by a dark bar. Time increases
from left to right and the durations of speci¢c intervals are
marked at the bottom of the protocol. Perfusion with KH-Rb
is marked with +Rb while perfusion with KH-K is indicated by
3Rb. An example of the acquired NMR data during these pro-
tocols is shown in Fig. 4. Note that 30 or 60 min were needed
to decrease the temperature from 36‡C to 20 or 10‡C in (A)
and (B), respectively. After this equilibration period 10 min
were used to allow the NMR signal to stabilize in (A) and 20
min in (B). Protocol (C) describes uptake and e¥ux measure-
ments at 20‡C and (D) uptake at 20‡C and washout at 10‡C.
The numbers below the intervals refer to elapsed time.
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sate. Hearts were loaded with Li for 30 min. During
this time no NMR spectra were acquired. After load-
ing perfusion was switched to KH and Li e¥ux was
recorded over the next 30 min. As with the Rb NMR
protocols, the hearts were again perfused with KH-Li
during the temperature equilibration period, 30 min
and 40 min in protocols A and B of Fig. 2, respec-
tively. For the last part of the protocols, perfusion
was switched to regular KH while Li washout was
recorded.
For 31P NMR experiments the protocol shown in
Fig. 3 was used. At 36‡C a 12 min NMR spectrum
was acquired after stabilization of mechanical func-
tions. Following this acquisition the temperature was
lowered to 20‡C and after an equilibration period of
40 min the next spectrum was recorded. Finally the
temperature was decreased to 10‡C and 40 min were
allowed to elapse before starting acquisition of the
last spectrum.
23Na NMR experiments were performed according
to the 31P NMR protocol shown in Fig. 3 using
3 mM Na3H2TmDOTPW3NaCl (Magnetic Resonance
Solutions, Dallas TX) as a shift reagent.
2.5. Measurement of Rb+ and Li+ £uxes: kinetics
To measure Rb uptake the KH perfusate was
switched to KH-Rb and the experimental apparatus
was changed to the ‘dry mode’. In this mode the
superfusion line was used as a suction line, placed
at the bottom of the NMR tube, to remove the £uid
around the heart. This reduced the contribution of
Rb present in the bath to the observed NMR sig-
nal. With a coronary £ow of 15 ml min31, the per-
fusate would reach the heart in 3 min after which
NMR data acquisition was started. The duration of
KH-Rb perfusion was determined by the protocol
(see below). For Li studies a similar approach, us-
ing KH-Li, was used with the exception that no
NMR data were acquired during Li uptake. Rather
than working in the ‘dry mode’, the superfusion line
was used to £ush the bath around the heart with (Li-
free) KH bu¡er at a rate 4 times that of the coronary
£ow. This minimized the contribution to the ob-
served NMR signal of Li present in the bath with-
out a¡ecting the magnetic susceptibility. To measure
the e¥ux of Rb or Li, perfusion was switched to
KH solution. After a 3 min delay (£ow of 9^15 ml
min31 to maintain perfusion pressure depending on
temperature) NMR data acquisition was started.
Analysis of the Rb and Li in- and e¥ux experi-
ments did not include data acquired during the ¢rst
4 min. During the ¢rst 4 min one observes multiple
kinetics from the rapid equilibration of the bath and
the slower kinetics of ion washout or uptake from
the heart, as previously shown [15].
Prior to Fourier transformation exponential multi-
plication with a line broadening of 50 or 20 Hz, for
87Rb or 7Li respectively, was applied to the NMR
data. All NMR processing was performed using
UXNMR (Bruker GmbH, Rheinstetten, Germany).
Resonance area, as well as amplitude, reliably repre-
sents the amount of intracellular Rb or Li in the
heart. The time dependence of the resonance ampli-
tudes was then ¢tted to a three-parameter equation
as described below.
Ion transport across a cell membrane can in gen-
eral be described by an active term, representing
pump activity VI (in mol l31 min31), and two passive
Fig. 2. Experimental protocols describing the 7Li NMR meas-
urements using the same notation as in Fig. 1. Note that perfu-
sion with KH-Li is indicated by +Li and perfusion with KH-K
with 3Li.
Fig. 3. Experimental protocol describing the 31P NMR meas-
urements using the same notation as in Fig. 1. These experi-
ments were performed with KH-K only.
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terms describing passive £ux into and out of the cell,
represented by the rate constants k, and k3
(min31), respectively. Thus we can write
d
dt
Iti  V I  kIe3k3Ii; 1
where [I] represents the ion concentration in the in-
tra- and extracellular spaces indicated by the sub-
scripts i and e respectively. Depending on the type
of experiment di¡erent boundary conditions apply.
Studying Rb uptake, the boundary condition
[I(t = 0]i = 0 applies. Assuming a constant VI and
realizing that [I]e is constant throughout the experi-
ment, Eq. 1 can be solved for I(t) :
Iti  V I  kIek3 W13exp3k3Wt: 2
For tCr one observes that k3W[I(r)]i =VI+kW[I]e.
Thus for the Na,K3ATPase activity one can
write,
V I  k3Iri3kIe: 3
Taking into account that passive permeability in
both directions should be equal, i.e., k = k3, and
([I(r)]i)/[I]ev 25, we obtain:
V Ivk3Iri: 4
This means that the Na,K-ATPase can be con-
sidered the major determinant of Rb uptake ki-
netics. Substituting VI from Eq. 3 in Eq. 2 results in
Iti  IriW13exp3k3Wt; 5
for ion uptake. Studying washout kinetics of Rb
and Li the boundary condition [I(t = 0)]e = 0 applies.
Instead we obtain
Iti  I0iWexp3k3Wt: 6
The experimentally obtained Rb accumulation
curves were ¢tted to a three-parameter expression,
Rbt  C  BW13exp3kWt 7
or
Rbt  C3BW13exp3kWt; 8
for in£ux and e¥ux experiments respectively.
Rb(t) represents the amount of Rb ions (pool size)
in the NMR-sensitive volume. This three-parameter
¢t was used to check for any baseline o¡-set. Non-
linear regression of the experimental data to the three
parameter expression was performed using the Mar-
quardt-Levenberg algorithm. The initial signal ampli-
tude is represented by C while B represents the max-
imal change in signal amplitude and k the rate
constant for ion e¥ux or in£ux. The ¢rst two data
points in each ion uptake or washout study were
excluded from the analysis. During this time both
the intra- and the extracellular ion signal are time-
dependent. After these initial 4 min of perfusion the
extracellular bath had equilibrated to its ¢nal value
and remained stable. The equilibration of the extra-
cellular reservoir occurs rapid as was shown previ-
ously [15].
2.6. Estimation of pH
The chemical shift di¡erence, N0, between the
phosphocreatine (PCr) and inorganic phosphate (Pi)
resonances was used to obtain intracellular pH. An
empirical relation which allowed pH estimation in
the temperature range of 5^37‡C was used [17]. In
this expression pH is a function of the chemical shift
di¡erence N0 and the temperature T, in degrees Cel-
sius, only:
pHN0;Tw 1979:5T  27335:4409 0:018567W
T  273  log N033:280 0:003579WT
5:625 0:001888WT3N0
 
: 9
2.7. Statistical analysis
Data in this study are represented as mean þ S.D.
The number of experiments averaged is indicated by
n. To compare data between di¡erent groups a Stu-
dent’s t-test was performed and P6 0.05 was taken
as a signi¢cant di¡erence between the groups com-
pared.
3. Results
3.1. Rb+ in£ux kinetics at 36 and 20‡C
In order to measure the rate of Rb uptake, hearts
were perfused with KH-Rb perfusate. Uptake studies
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at 36‡C were performed using Rb NMR protocol A
and for 20‡C using Rb NMR protocols C or D. No
uptake studies were performed at 10‡C due to the
low Na,K-ATPase activity at this temperature, re-
sulting in very slow Rb loading of the hearts (see
below). Results of these experiments are shown in
Table 1; at 36‡C an in£ux rate constant of
0.046 þ 0.010 min31 (n = 8) and at 20‡C a signi¢-
cantly lower rate constant of 0.027 þ 0.009 min31
(n = 7, P = 2U1033) was obtained.
3.2. Rb+ e¥ux kinetics at 36, 20 and 10‡C
After Rb uptake was measured, the e¥ux kinetics
were measured by simply switching to Rb-free KH
perfusate. It should be noted that the e¥ux studies at
36‡C were performed according to an adapted Rb
NMR protocol A. For these studies only the perfu-
sion bu¡er was switched, after 60 min of loading, to
Rb-free KH in order to study the washout. In ad-
dition, the Rb washout was also measured at 20
and 10‡C according to the Rb NMR protocols A,C
and B,D respectively. Typical 87Rb NMR experi-
ments are shown in Fig. 4A,B. Fig. 4A displays an
experiment obtained with Rb NMR protocol C (Fig.
1, washout at 20‡C) while Fig. 4B shows an experi-
ment performed using Rb NMR protocol B (wash-
out at 10‡C). The results of these studies are sum-
marized in Table 1. At 36‡C an e¥ux rate constant
of 0.044 þ 0.015 min31 (n = 4) was measured and at
20 and 10‡C the rate constants increased consider-
ably, reaching 0.238 þ 0.080 min31 (n = 9) and
0.071 þ 0.016 min31 (n = 5), respectively. Results at
36 and 20‡C, 36 and 10‡C, and 20 and 10‡C were
all signi¢cantly di¡erent from each other
(P = 7U1034, 3U1032 and 7U1034 respectively). In-
terestingly, the Rb e¥ux activated by cooling to
20‡C was signi¢cantly inhibited by the KATP channel
inhibitor glibenclamide; k = 0.052 þ 0.018 min31
(n = 6) (Table 1).
After loading the heart at 36‡C to its Rb equi-
librium level, a change in temperature to 20‡C in Rb
NMR protocol A did not result in any signi¢cant
change in this equilibrium value, a slight decrease
of 6 þ 8% (n = 5) was observed for the total intracel-
lular pool. However, a change in temperature to
10‡C (Rb NMR protocols B and C) did result in a
change in this equilibrium value. A decrease of the
equilibrium loading value to 61 þ 10% (n = 8) with
respect to the 36‡C level (P = 2U1039) was observed
(see Fig. 5). In Fig. 5 the relative Na content,
obtained from the 23Na NMR measurements, is
also shown. While the relative Rb content de-
creased with temperature, the relative Na content
increased.
It should be noted that the e¥ux rate constant at
20‡C is approximately 5 times larger than obtained
at 36‡C. During the e¥ux experiments at 20‡C we
also observed that, unlike the washout experiments
at 36‡C, the e¥ux was not complete, i.e., only
Table 1
Unidirectional rate constants (k), relative pool size (pool) and permeability (P) as a function of temperature obtained from 87Rb and
7Li NMR uptake and washout experimentsa
Temp. (‡C) 10 20 36
Rb £uxes
k uptake (min31) n.d. 0.027 þ 0.009 0.046 þ 0.010
k e¥ux (min31) 0.071 þ 0.016 0.238 þ 0.080 0.044 þ 0.015
Rb pool (%) 86 þ 3 44 þ 2 100
PRb (%) 130 300 100
Li e¥ux
k (beating) (min31) 0.050 þ 0.005b 0.085 þ 0.016 0.083 þ 0.015
k (arrested) (min31) 0.050 þ 0.005 0.090 þ 0.003 0.030 þ 0.004c
PLi beating (%) 50 100 100
PLi arrested (%) 130 280 100
aDetails regarding the statistics of the data can be found in the text. The Rb e¥ux rate constant measurement at 20‡C in the pres-
ence of 5 WM glibenclamide was k = 0.052 þ 0.018 min31.
bHeart was arrested by hypothermia.
cTaken from [16].
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44 þ 2% (n = 6) of the intracellular Rb present prior
to the switch to KH perfusate, was washed out as
shown in Fig. 4A and Table 1. This e¡ect was also
observed when loading was performed at 36‡C ac-
cording to Rb NMR protocol A. The remaining Rb
plateau remained stable for more than 30 min during
KH washout. The observed washout at 10‡C, how-
ever, was again nearly complete with a washout of
86 þ 3% (n = 5, Table 1) of exchangeable Rb com-
pared to 100% at 36‡C.
Fig. 4. (A) A typical 87Rb NMR uptake and washout experi-
ment at 20‡C performed according to Rb NMR protocol (C).
The lower dotted line indicates the level of extracellular and ex-
tracardiac 87Rb contributing to the NMR signal during Rb
loading while the upper dotted line represents the level reached
after complete loading. Both levels were obtained by ¢tting the
uptake data to Eq. 6. The incomplete washout (only for
44 þ 2% (n = 6) complete) at this temperature can clearly be seen
at the end of the experiment and was ¢tted to Eq. 7. Note that
extracellular Rb is near zero during the washout phase. Signal
amplitude represents the height of the resonance. (B) Uptake
and washout 87Rb NMR experiments at 36‡C and 10‡C, respec-
tively, as measured using Rb NMR protocol (B). The dotted
lines have the same meaning as in (A) at 36‡C. The period of
thermal equilibration of the heart when switching from 36 to
10‡C is indicated by the shaded area. Reducing the temperature
to 10‡C resulted in a decrease in loading level to 61 þ 10%
(n = 8) of that at 36‡C. At 10‡C the e¥ux was 86 þ 3% (n = 5)
complete.
Fig. 5. Relative Rb (a) and Na (E) contents, and [H] (O)
as a function of temperature. The [H] was obtained from esti-
mated intracellular pH values, using Eq. 8, obtained from the
relative chemical shift between Pi and PCr in a 31P NMR spec-
trum. The data points in each experimental series were con-
nected by a line to guide the eye. For details and statistics the
reader is referred to the text.
Fig. 6. Typical 7Li NMR e¥ux experiments at 36, 20 and
10‡C. The curves in the ¢gures represent the ¢t of the NMR
data to Eq. 2. To avoid interference with washout from the ex-
tracellular reservoir, the data points collected during the ¢rst
4 min were not included in the ¢t.
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3.3. Li+ e¥ux kinetics at 36, 20 and 10‡C
To investigate whether the anomalous temperature
behavior of the Rb e¥ux is speci¢c to K trans-
porters, a Na permeability study with Li as a bio-
logical Na congener was performed. Fig. 6 shows
the observed Li e¥ux kinetics at three di¡erent
temperatures in beating (at 36 and 20‡C) and quies-
cent (at 10‡C) hearts under normokalemic condi-
tions.
Experiments showed that, in beating hearts, the
Li e¥ux rate constant determined at 36‡C did not
di¡er from the value measured at 20‡C: 0.083 þ 0.015
min31 (n = 14) and 0.085 þ 0.016 min31 (n = 6), re-
spectively. The washout was complete at both tem-
peratures. A summary of the observed e¥ux rate
constants observed at di¡erent temperatures and
under di¡erent experimental conditions is shown in
Table 1. At 36‡C a HR of 250 þ 19 beats min31
(n = 14) was measured during the 7Li NMR e¥ux
experiments while the experiments at 20‡C showed
a HR of 56 þ 7 beats min31 (n = 6). Since it is known
that the Li e¥ux rate decreases with decreasing HR
and kV0.03 min31 in KCl-arrested hearts at 36‡C
[16], any possible e¡ect of HR on Li e¥ux at 20‡C
was eliminated by using KCl-arrested hearts. No
HR-dependent e¡ect on Li e¥ux was observed at
20‡C. Rate constants of 0.085 þ 0.016 min31 (n = 6)
and 0.090 þ 0.003 min31 (n = 4) were obtained at
20‡C for beating and non-beating (KCl-arrested)
hearts respectively. At 10‡C the heart was already
arrested and did not show any di¡erence in Li e¥ux
rate constant upon washout with or without the ad-
ditional 16 mM KCl (total [K] = 20.7 mM) used as
an arresting agent. At this temperature the observed
Li e¥ux rate constant was signi¢cantly lower than
that obtained for beating hearts at 20 (0.085 þ 0.016
min31) and 36‡C (0.083 þ 0.015 min31) (P = 2.8U
1033 and 5.5U1034 respectively) but still amounted
to 0.050 þ 0.005 min31 (n = 4).
3.4. 31P NMR at 36, 20 and 10‡C
As a control of intracellular pH and energy status,
31P NMR spectra were recorded at the same temper-
atures as used for the ion £ux kinetics studies. The
spectra did not show any large changes in high-en-
ergy phosphates at any of the temperatures. The rel-
Fig. 7. Two models representing the hypothermic myocardium.
The Series model (top) contains an extracellular compartment I,
a sarcoplasmic space represented by compartment II and a mi-
tochondrial space (see text), represented by compartment III.
The Parallel model (bottom) consists of an extracellular com-
partment I and two types of myocytes, represented by compart-
ments IIa and IIb. In the Parallel model the two myocyte pop-
ulations, IIa and IIb, display di¡erent temperature dependences
of ion permeability.
Table 2
Ion transport rate constants for the two myocyte models shown
in Fig. 7
Temp. (‡C) Series Parallel
k2;3 k3;2 k1;2 k2;1
36 fasta fast fast fast
20 fast very slow fast very slow (IIb)
very fast (IIa)
10 fast fast fast fast
aCompared to k2;1.
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ative shift of the Pi resonance with respect to that of
PCr was used to estimate the cytosolic pH at the
three temperatures according to Eq. 8. Fig. 5 shows
the results of these calculations in terms of [H].
Starting at 36‡C with a pH of 7.05 þ 0.04, the cyto-
solic pH increased to 7.21 þ 0.05 and 7.40 þ 0.03 at 20
and 10‡C respectively, while extracellular pH re-
mained constant at 7.40. The cytosolic pH values
obtained at 36 and 20‡C, 36 and 10‡C and 20 and
10‡C (n = 8) were all signi¢cantly di¡erent from each
other: P = 2U1035, 4U10310 and 9U1037 respec-
tively. After equilibration back to 36‡C, the intracel-
lular pH returned to 7.02 þ 0.05, which was not sig-
ni¢cantly di¡erent from the initial value.
3.5. Heart function
At 36‡C, prior to Rb loading, the hearts showed
an average PRP of 27.4 þ 2.8 m Hg min31 (n = 18).
After equilibration to 20‡C, PRP had decreased to
6.4 þ 1.5 m Hg min31 (n = 5) as a consequence of the
decrease in HR from 245 þ 30 at 36‡C to 52 þ 16
beats min31 while LVDP increased slightly, from
112 þ 10 to 120 þ 27 mm Hg min31, due to an in-
crease in systolic pressure. Reducing the temperature
to 10‡C resulted in a vanishing PRP as no HR could
be detected. After the full temperature cycle shown in
the NMR-P protocol (Fig. 3), the hearts were al-
lowed to re-equilibrate to 36‡C within 40 min.
Upon cooling from 36 to 20‡C, EDP increased by
a factor of 3^4 from 10.2 þ 1.7 to 36.8 þ 5.6 mm Hg
(n = 8). A simultaneous increase in systolic pressure
was observed from 106 þ 7 to 147 þ 5 mm Hg, in
agreement with previous observations [15]. The par-
allel increase in EDP and systolic pressure upon
cooling to 20‡C may re£ect an increase in intracellu-
lar [Ca2] or sensitivity of the myo¢brils to Ca2. At
10‡C EDP reached a value of 51.4 þ 5.0 mm Hg
(n = 8). Recovery of the hearts was measured using
the PRP index. PRP recovered to 65 þ 15% (n = 5)
relative to the initial value observed prior to begin-
ning cooling. Three hearts were arrhythmic upon re-
covery and were not included in the calculation.
As previously reported [16], addition of LiCl
(15 mM) to the perfusate resulted in a transient de-
crease (ca. 3 min) in systolic pressure upon Li load-
ing and a transient increase in systolic pressure upon
washout.
4. Discussion
4.1. Methodological considerations
Magnetic resonance allows the non-invasive study
of intracellular processes, especially ion transport. To
obtain information on intracellular K and K
£uxes in rat hearts as a function of temperature we
used 87Rb NMR techniques that were previously
shown to accurately re£ect potassium movement
across the sarcolemma [15,18^20] with a 100% visi-
bility [15,21]. Replacement of intracellular K by
Rb has been shown to be without toxic e¡ects in
rats, in vivo, for replacement ratios up to 30% [22].
Kupriyanov et al. [15] also showed that the Na-K-
ATPase is responsible for about 80% of the Rb
in£ux at 36‡C. Addition of Li to the perfusate af-
fects neither intracellular pH nor phosphate metab-
olites [16]. The in£ux rate constant k obtained from
Eq. 7 can be mainly related to ATPase activity as
shown in Eq. 4. Conversely, e¥ux represents activity
of the K channels and other passive pathways such
as co-transporters.
However, 87Rb NMR spectroscopy does not di-
rectly provide information on the Rb ion concen-
tration, although peak areas or amplitudes in NMR
spectra can be related to the amount of ions present
in a volume. As the resonance frequency of 87Rb
nuclei does not strongly depend on the chemical en-
vironment, intra- and extracellular resonances cannot
be resolved. To obtain accurate intracellular Rb
amounts, the 87Rb NMR experiments were adapted
to minimize the signal from the extracellular reser-
voir which includes the vasculature, the right ven-
tricle, the interstitium and the volume at the bottom
of the NMR tube. The contribution to the total ob-
served signal of residual extracellular Rb was ob-
tained through a ¢t of the uptake data to Eq. 7.
Finally, the di¡erence between the total observed
NMR signal and the extracellular contribution
(V16% of total), obtained using a ¢tting routine,
provides a measure of the amount of intracellular
Rb.
23Na NMR was performed in the presence of a
shift reagent (3 mM TmDOTP) which allowed the
amplitude of the intracellular resonance to be ob-
tained directly from the NMR spectra. The 7Li
NMR experiments were performed to study the ki-
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netics of passive Na transport in order to obtain
unidirectional rate constants.
To avoid problems with temperature-dependent
changes in cell volume, no direct referral will be
made to Na or Rb ion concentrations. The inter-
pretation of the results will be made in terms of
changes in rate constants as well as relative changes
in ion permeabilities and relative changes in ion con-
tent, obtained directly from the NMR data. The [H]
was obtained from the 31P NMR spectra at each
temperature.
4.2. Changes in K+, Na+ and H+ balance during
hypothermia
The Rb uptake rate constant obtained in this
study at 36‡C, 0.046 þ 0.010 min31 (n = 8), compares
well with the rate constant obtained previously
(0.050 þ 0.013 min31) [15]. In addition, the e¥ux
rate constant of 0.044 þ 0.015 min31 (n = 4) is within
experimental error identical to the in£ux rate, con-
¢rming equilibrium conditions during the control ex-
periments (see Table 1). At 20‡C a lower Rb in£ux
rate constant of 0.027 þ 0.009 min31 (n = 9) (Table 1)
was measured, indicating a 41% reduction in Rb
in£ux. Such a comparison can be made because
[I(r)]i did not change signi¢cantly (36 þ 8%, n = 5,
Table 1) by the decrease in temperature from 36 to
20‡C. The decrease in Rb uptake at unchanged
[I(r)]i (([I(r)]i)/[I]ev 20) re£ects a decrease in the
Na,K pump activity. The observed 20% increase
in intracellular Na con¢rms that hypothermic in-
hibition of the pump occurred. A similar increase
(25%) in intracellular Na activity was measured
with Na-sensitive micro-electrodes in ferret ventricu-
lar muscle following a decrease in temperature from
37 to 20‡C [23]. Inhibition of the Na,K pump
during hypothermia was demonstrated by a decrease
in pump contribution to the resting membrane po-
tential in addition to changes in ion gradients across
the sarcolemma [10]. This observation agrees with
the decrease in pump activity measured by 87Rb
NMR. No Rb uptake measurements were per-
formed at 10‡C as the Na,K pump has been
shown to be extremely slow at this temperature in
rabbit hearts [13] and cultured chicken myocytes [24].
In cultured chicken myocytes, Na,K-ATPase ac-
tivity was found to be only 15% of that observed
at 37‡C.
The lack of change in the steady-state Rb level at
20‡C appears to disagree with the observed increase
in the Rb e¥ux rate constant (0.24 min31) and the
decrease in the Rb in£ux rate constant (0.027
min31). This results in a 4-fold di¡erence in relative
£uxes, which can be expressed as the product of the
rate constant and the size of the exchangeable Rb
pool. For the in£ux this calculation results in
0.027U100% = 2.7% min31 and for the e¥ux
0.24U44% = 10.5% min31 is obtained. This apparent
discrepancy could be explained as follows. Firstly, at
20‡C, the passive sarcolemmal Rb permeability is
so high that passive Rb uptake during the ¢rst 4 min
of loading, which were excluded from the analysis,
is signi¢cant. Note that during the ¢rst 4 min KH-K
in the extracellular reservoir is being replaced with
KH-Rb. During this period the extracellular Rb
concentration is not well de¢ned. As a result our
analysis of active Rb uptake only begins when the
intracellular Rb content is already signi¢cant and
the boundary condition [I(t = 0)]i = 0 is not valid. Sec-
ondly, the rate constant describing passive Rb per-
meability is comparable to the rate of equilibration
of Rb in the extracellular space (V0.5 min31, [15]).
This should result in a signi¢cant decrease in the
interstitial ([Rb]e)/[K]e) due to the large rate of
Rb uptake into and fast release of K out of the
cells into the interstitium. A decrease in ([Rb]e)/
[K]e) should result in an initial decrease in the
Rb uptake rate through the Na,K-ATPase (VI)
which, during the course of perfusion, should slowly
increase when approaching equilibrium [25]. In other
words, the data analysis presented in Section 2 is not
fully applicable to the analysis of Rb in£ux kinetics
at 20‡C because the parameter VI, assumed to be a
constant, is in fact variable. Note that this does not
in£uence the accuracy of the Rb e¥ux measure-
ments.
Decreasing the temperature of the heart to 10‡C
after complete loading at 20‡C led to a decrease in
intracellular Rb, indicating an additional reduction
in pump activity. Although no mechanical activity
was present, the Na,K-ATPase was unable to
maintain the steep ion gradients observed at 20 and
36‡C, resulting in smaller, but stable gradients.
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31P NMR data show an increase in cytosolic pH
with decreasing temperature which returned to its
control value after warming the heart and bu¡er to
36‡C. Most studies of hypothermia reported in the
literature are directed towards optimization of pres-
ervation conditions and use ischemic conditions in
combination with cardioplegia [26^28]. These studies
show a decrease in cytosolic pH during cold storage
and ischemia. However, Saborowski et al. [29] also
reported an increase in cardiac muscle pH changing
the perfusate temperature from 38.1 to 21.5‡C while
keeping the extracellular pH constant. It should be
noted that the study reported here also concerns the
e¡ects of hypothermia on KH perfused hearts with
pH adjusted to 7.4 at all temperatures. The observed
increase in intracellular pH with lower temperatures
could be explained by a lower rate of metabolic H
production.
4.3. Changes in passive ion permeabilities; 87Rb and
7Li NMR
At 20‡C, Rb washout was incomplete. This e¡ect
was not present at 36‡C nor at 10‡C where the e¥ux
was nearly complete, 86 þ 3% (n = 5). Assuming only
small changes in cell volume (Vm) and area (Am)
following a change from 36 to 20‡C, the Rb e¥ux
rate constant (see Eq. 1) can be considered directly
proportional to the passive cell permeability (P) :
k  PWAm
Vm
: 10
Using this approximation and allowing for a de-
crease in exchangeable Rb pool size by 56% (Fig.
4AFig. 5), an approximately 2^3-fold increase in per-
meability is observed upon cooling the heart from 36
to 20‡C (Table 1). Table 1 summarizes the Rb per-
meability relative to that observed at 36‡C. There is
an apparent change in myocyte K permeability be-
tween 36 and 20‡C (increase) and between 20 and
10‡C (decrease). The intracellular Rb plateau,
reached approximately 20 min after beginning wash-
out with KH, remained stable for more than 30 min
(Fig. 4A). Increasing the perfusate temperature to
36‡C resulted in an onset of an additional Rb e¥ux
which removed the remaining intracellular Rb, pro-
viding evidence of a reversible change in K perme-
ability around 20‡C.
Recently Kupriyanov et al. [16] showed that a
large part (2/3) of the Li e¥ux at 36‡C can be
directly linked to the electrical activity of the heart,
i.e., this part of the e¥ux is HR-dependent. The oth-
er part (1/3) represents a HR-independent compo-
nent with a rate constant of V0.03 min31 as ob-
served in arrested hearts.
Lowering the temperature to 20‡C we did not ob-
serve any decrease in the Li e¥ux rate constant of
beating hearts, although a decrease in HR was ob-
served. We measured an e¥ux rate of 0.085 þ 0.016
min31 (n = 6) at a HR of 56 þ 7 beats min31 (n = 6)
and observed complete washout of the tracer (Table
1). At 20‡C, KCl-arrested hearts did not reveal any
HR-dependent component, indicating that the major
contribution to Li permeability at this temperature
is represented by the HR-independent, basal compo-
nent. Thus under identical experimental conditions
(KCl arrest) the Li e¥ux rate constant and the
Li permeability increase approximately 2.5-fold
upon changing the temperature from 36 to 20‡C.
This anomalous change occurs in parallel with the
observed increase in Rb permeability at this tem-
perature, and may re£ect gross changes in membrane
structure caused by a phase transition that takes
place at approximately 20‡C. Similar e¡ects have
been reported by other researchers as discontinuities
in Arrhenius plots of enzyme activities [8,13].
At 10‡C the Li e¥ux rate decreases to
0.050 þ 0.005 min31. We cannot determine whether
this rate is HR-independent because the hearts did
not show any mechanical activity at this tempera-
ture. However, the observed e¥ux rate constant at
10‡C still represents approximately 50% of the con-
trol rate constant measured at 36‡C in beating
hearts, and is larger than that observed in arrested
hearts at 36‡C [16], even though the temperature
decreased by 26‡C.
4.3.1. Possible origin of the anomalous change in Rb+
and Li+ permeability
The observed temperature dependence of Rb and
Li £uxes in rat hearts over the temperature region
of 10^36‡C does not support an Arrhenius type of
activation. The exact origin of this can not be deter-
mined by our experiments alone; however, the fol-
lowing mechanisms could be involved: (1) metabolic
and ionic changes in ([ATP])/([ADP]), [H] and/or
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[Na] [12] ; (2) changes in the membrane phospholip-
ids and proteins [6^9,13,30^34] and (3) changes in
protein phosphorylation state. Regarding the meta-
bolic/ionic changes it should be mentioned that neo-
natal cardiocytes showed a signi¢cant increase in the
life-time of the KATP channel open state upon a tem-
perature reduction from 29 to 19‡C [12]. In our ex-
periments, hypothermia-activated Rb e¥ux was
sensitive to glibenclamide which indicates participa-
tion of KATP channels. However, it remains to be
explained why cooling to 20‡C under normal meta-
bolic conditions (high ([ATP])/([ADP])) activates
KATP channels. Additionally, at 36‡C intracel-
lular alkalinization through infusion of NH4Cl
(pHiV7.25) results in a glibenclamide-insensitive,
2-fold increase in Rb e¥ux rate constant (V.V. Ku-
priyanov et al., unpublished results). However, at
10‡C the potential increase in Rb e¥ux due to al-
kalinization (pHiV7.4) must be overwhelmed by the
e¡ect of hypothermia.
Homeotherms are reported to show discontinuous
Arrhenius plots for various enzyme activities [6^
9,13,30]. These changes are correlated with a phase
transitions observed in membrane phospholipids and
depend on lipid composition and the presence of
cholesterol [31^34]. A similar transition between 36
and 20‡C could describe our observations.
Alternatively, temperature-dependent conforma-
tional changes in channel proteins due to changes
in protein kinase/phosphatase activity, changing the
degree of protein phosphorylation, could also cause a
change in passive membrane permeability.
4.4. Hypothermic myocyte model
In this section a model, shown in Fig. 7, will be
introduced which could explain the observed temper-
ature dependence of PRb and PLi and the Rb com-
partmentalization, summarized in Table 1. In the
‘Series’ model, compartment I represents the extra-
cellular space while compartment II and III represent
intracellular compartments. Compartments can ex-
change ions with rate constants ki;j for transport
from compartment i to compartment j. The ‘Parallel’
model comprises two compartments II, with indices a
and b, with di¡erent ion transport kinetics as a func-
tion of temperature.
At 20‡C, Rb e¥ux measurements showed the
presence of two separate pools. One Rb pool was
able to exchange rapidly with the extracellular space
(Table 1) while the other pool showed a vanishing
exchange. The relative size of the latter pool was
estimated at V56% of the total Rb pool. This ap-
parent separation of the myocyte Rb pool into two
compartments can be interpreted in two ways. One
explanation is the occurrence of two intracellular
compartments with di¡erent passive permeabilities
for Rb and Li (the Series model). The second in-
terpretation relies on the existence of two di¡erent
types of myocytes within the same heart (the Parallel
model). Each model requires a di¡erent set of rate
constant constrains, as shown in Table 2, in order to
provide a valid interpretation of the Rb and Li
e¥ux experiments.
With the help of 31P NMR data the Series and
Parallel models can be clearly distinguished. For
the Parallel model to apply, the heart would have
to contain poorly perfused, heterogenic, ischemic
clusters of myocytes. The presence of such sites
should be directly visible as changes in the 31P
NMR spectrum used to monitor the energy status
and metabolism of the cells. However, our hypother-
mia experiments did not show any such changes re-
lated to ischemic clusters. For this reason the Parallel
model can be excluded.
With the Series model as a possible explanation for
the observed permeability changes, remains the as-
signment of the compartments II and III. It is known
that in the mitochondrial matrix [K] can be as high
as 180 mM and larger as cytoplasmic [K] [35].
Under physiological conditions, the mitochondrial
matrix occupies 28% of the total cell volume in rat
ventricular myocytes [36] and with decreasing tem-
perature this fraction is known to increase due to
swelling [25]. On the basis of these data, mitochon-
dria could well qualify as possible candidates for
compartment III.
Since mitochondrial [Na]6 sarcoplasmic [Na],
there is less likelihood of observing a similar e¡ect
in Li permeability, using Li as a tracer for Na. In
this case the pool size of exchanging Li is much
larger than that of the non-exchanging pool. In
non-beating hearts 7Li NMR experiments showed
an increase in Li permeability, as observed for
Rb in 87Rb NMR experiments (Table 1) and the
e¥ux experiments showed complete washout at
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20‡C. These observations are consistent with the Ser-
ies myocyte model.
5. Conclusion
To preserve the heart and conserve its energy con-
tent for transplantation during surgery, it is often
arrested using a combination of hypothermia and a
high concentration of extracellular potassium. This
technique is subject to further optimization using
various drugs to prevent collapse of ionic gradients.
Using biological congeners we were able to study the
e¡ect of temperature on K and Na £uxes in the
rat heart. At 20‡C, both Rb and Li e¥ux studies
indicated a large increase in passive permeability
compared to 36‡C. The 5-fold increase in Rb e¥ux
could signi¢cantly be reduced using 5 WM glibencla-
mide, a KATP channel inhibitor. This indicates that a
large part of the Rb e¥ux at 20‡C is regulated by
KATP channels.
The NMR measurements indicate that at 20‡C a
cellular compartment exists with a very low passive
permeability for Rb. Combining these results with
31P NMR measurements, we conclude that this com-
partment is likely the mitochondrion. The myocyte
model explains the observed Rb and Li e¥ux at
20‡C.
Cooling further to 10‡C removed this permeability
anomaly and the permeability decreased for both
Rb and Li while the Rb e¥ux was complete
again.
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